In recent years, fluorescent molecules have been extensively used as probes of biological membranes (for reviews, see references 1, 2, and 30). These hydrophobic and amphiphilic probes associate with membranes when added to cells or artificial systems, and their resultant fluorescence properties can be used to monitor a variety of membrane characteristics.
When added to Escherichia coli cells, the fluorescence characteristics of a number of these probes change in response to the energy state of the celLs. The specific properties of cellular energy responsible for these changes have not been well characterized. In general, the addition of effectors which result in deenergization of cells leads to increased fluorescence from probes present in the cell suspension. This is true of negatively charged 8-anilino-1-naphthalenesulfonate (ANS) (13, 14, 25) and cis-parinaric acid (36) , positively charged 3,3'-dihexyloxacarbocyanine (7) , and neutral probes, such as N-phenyl-lnaphthylamine (NPN), 1,6-diphenyl-1,3,5-hexatriene, pyrene, and azidopyrene (13-15, 25, 26, 38) . In the one case studied, results indicate that the colicin El-induced reduction in cellular ATP levels is not necessary for the colicin-induced fluorescence response (28) .
Changes in the amount of probe bound to cells have been implicated to form at least part of the fluorescence changes seen in the case of NPN (26) , azidopyrene (25) , and cis-parinaric acid (36) . It seems likely that the enhanced binding of acriflavine to deenergized cells (24, 33 ) is a related phenomenon. In the above cases, the degree of binding was estimated by centrifugation of the probe/cell mixture and a determination of fluorescence intensity either in resuspended cell pellets or in the supernatant. However, it is important to point out that such determinations must be regarded as semiquantitative since dye binding may not strictly correlate to fluorescence from cell-associated probe existing in a heterogenous environment. Furthernore, this general approach is not suitable for an attempt at probe localization since manipulations involved in cell fractionation might lead to a substantial redistribution of probe.
Nieva-Gomez and Gennis have described the use of azidopyrene as a fluorescent probe that can be covalently affixed to cells in situ (25) . Upon irradiation, a highly reactive nitrene is generated, which becomes covalently attached to neighboring molecules. They found that whereas changes in fluorescence intensity were reversible in response to alterations in the energy state of cells before photolysis, the fluorescence intensity of cell-associated probe did not respond to changes in energy status after photolysis. It was suggested that photolysis caused irreversible probe binding, and that the amount of probe bound increased dramatically if the cells were deenergized.
In Glutamine uptake was measured in a similar assay, but ['4C]glutamine replaced proline and was added to 10 MM and 5 Ci/mol. The filters were washed once with 10 ml of 0.01 M Tris (pH 7.3)-0.15 M NaC1-0.5 mM MgCl2, and the incubation was not carried out under the sunlamp.
ATP assay. ATP levels were determined by the luciferin-luciferase assay as described by Berger and Heppel (6) , with the following modifications. The perchloric acid extract was frozen overnight. Such storage did not result in any loss of ATP activity. Potassium perchlorate was removed by centrifugation for 10 min at 2,600 x g instead of by filtration. Cell extracts or ATP standards were added after endogenous light emission had subsided. Light emission was detected by a Beckman LS-100 scintillation counter.
Starvation. Starvation of JK1 was achieved by using a-methylglucoside and sodium azide according to the procedure of Purdy and Koch (29) . ATP levels were depleted in AN120 simply by washing the cells twice in M63 salts, resuspending them to 100 Klett units in the same buffer, and incubating them for 1 h with shaking at 370C. After incubation, they were washed twice in M63 salts and resuspended to 100 Klett units in that same buffer.
Probe localization. Strain JK1 was grown and photolyzed as detailed above for the binding assay except for the following changes. Portions of 100 ml were photoactivated in 1,000-ml beakers. The extent of binding was comparable to that obtained with smaller portions. After the sunlamp was turned off, glucose was added to the starved samples, and incubation continued for 5 min. The cells were harvested and washed twice with M63/BSA buffer containing 0.4% glucose. Membrane separations were performed as described by Smit et al. (34) with the modifications of Crowlesmith et al. (9) , except for the following changes. After the cells were washed once with icecold 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer, pH 7.4, they were suspended in 1 ml of the HEPES buffer containing 40 Mg of RNase and DNase. This cell suspension was passed once through a French pressure cell at 12,000 lb/in2.
The lysate was centrifuged for 20 min at 40C and 1,000 x g, and the entire supernatant was layered onto a sucrose gradient of three steps (10 ml of 2.02 M, 13 2 h before addition of azidopyrene. These suspensions were then illuminated, and at varying times portions were removed to the dark. Each portion was washed twice with the M63/BSA buffer and then energized by the addition of glucose before filtration. Upon energization, only irreversibly bound probe (i.e., probe which is photolyzed to produce a nitrene and presumably becomes covalently bound) remains with the cell and is retained on the filter. As can be seen, starved cells retained more probe than unstarved cells, but in both cases photoactivation was complete after 10 min of irradiation. Although the amount of probe associated with cells was the same whether or not the cells were subsequently irradiated (data not shown), irreversible binding was dependent upon illumiination (Fig. 2) . It is evident that in contrast to In contrast, 15-to 18-fold differences in ATP levels led to no significant differences in binding of azidopyrene, whether A4 was high or low. The ATP formed in such cells was available as a source of energy (Table 2 ). -Glutamine transport is known to be dependent on phosphate bond energy derived from ATP (6), and it is clear that high ATP levels correlate with high glutamine uptake.
In the above experiments, it is not unambiguously established that probe binding correlates to A4 and not to some metabolic product derived from catabolism of glucose or lactate. However, the addition of the artificial electron-donating system ascorbate/PMS resulted in low azidopyrene binding (Table 3 ). As expected, this effect was abolished by inhibition of electron transport by cyanide or collapse of the membrane potential by CCCP. These results indicate that it is the membrane potential and not some aspect of metabolism that affects probe binding.
Since a full understanding of the phenomenon under investigation requires localization of cellassociated probe (see below), the determinations described in this section were carried out under conditions in which the probe was irreversibly bound to the cells via photolysis. It is important to point out that such photolysis had no adverse effects on the ability of cells to be energized. For example, active transport of proline was linear throughout the 10-min period of photolysis, and ATP levels were similar whether assayed before or after photolysis.
Probe localization. To determine the location of cell-associated probe, both starved and unstarved celLs containing bound azidopyrene photoproduct were disrupted in a French pressure cell, and the total cell lysate was subjected to sucrose gradient centrifugation under conditions which separate inner and outer membranes from other cell constitutents.
Probe associated with either starved or ener- [3H]azidopyrene (final concentration, 2 M; 35,000 cpm/ml) was added to suspensions of cells which had been starved (-) or not starved and energized by addition of 0.4% glucose (0). After photolysis and ceU breakage as described in Materials and Methods, equal amounts of (OD2w units) lysate were loaded onto separate sucrose gradients and subjected to centrifugation. Sedimentation was from right to left. Gradients were fractionated, and radioactivity was determined as described in Materials and Methods. ODAm recovery is typically 100%. Greater than 90% of the counts added to the gradient were precipitable by trichloroacetic acid. The arrow indicates the position to which photolyzed free azidopyrene migrates under these conditions.
The cells used in this experiment bound 12% (energized) and 24% (starved) of the azidopyrene present in the cell suspension.
photolyzed azidopyrene (Fig. 3, arrow) . It was established in several ways that these peaks coincided exactly with the position of inner and outer membranes. When the optical density at 280 nm (0D280) profiles of the gradients shown in Fig. 3 were determined, three peaks were observed (data not shown). Two of these coincided with the peaks of radioactivity, whereas the third was centered at fraction 41 and probably represents absorbance from cellular nonmembrane material. When cells grown with [3H]acetate to label membrane phospholipids were subjected to a similar treatment and analysis, the obtained profile of radioactivity was identical to that seen in Fig. 3 except for an additional peak of radioactivity near the top of the gradient. Whereas only the peak nearest the bottom in Fig. 3 (fractions 7 to 14) contained detectable colicin Ib receptor activity (an outer membrane marker, 21), 89% of the total NADH oxidase activity (an inner membrane marker) was confined to the peak contained in fractions 21 to 28, and 11% was in the peak at fractions 7 to 14. These data together with a comparison of our results with published profiles of similar preparations (9, 34) unambiguously establish that azidopyrene is associated almost entirely with inner and outer membranes. Furthermore, it can be seen that although the distribution of azidopyrene between inner and outer membranes is identical in starved and energized cells, membranes isolated from starved cells contain more probe. (8, 11) . This might influence their interaction with azidopyrene.
DISCUSSION
Just how the magnitude of the membrane potential across the inner membrane is able to influence outer membrane structure remains to be explained. It is possible that ionic species in proximity to the outer membrane might respond directly to the inner membrane A+. Membrane potential-dependent changes in the inner membrane might be communicated to the outer membrane through sites of adhesion (3) or apposition (20) . It is also possible that the energydependent translocation of membrane components from the inner to the outer membrane confers a specific structural state and that this condition results in suboptimal interaction with azidopyrene. In this regard it is interesting to note that the translocation of phospholipids from the inner to the outer membrane of E. coli is inhibited by reagents that disrupt the proton motive force, but not by arsenate, which reduces cellular ATP (10) . It is further possible that Ai might influence the pressure of the inner membrane against the outer membrane (35) and in so doing affect the volume of the periplasmic space. Such changes might well be translated into altered probe binding. Although the effect of membrane energization of the magnitude of the Donnan potential across the outer membrane (35) is not known, one could imagine that this potential might indeed affect binding of azidopyrene to the cell envelope.
Nitrenes, the purported reactive species of azido probes, are very reactive and can undergo a variety of reactions which lead to covalent attachment to neighboring molecules (19) . Although there have been reports that azido probes do not insert into phospholipids with saturated fatty acids (4, 12) , recent work has demonstrated covalent attachment of azido probe derivatives to both intrinsic proteins (5, (16) (17) (18) 39) and lipids (5) . Studies are under way to determine the specific location of azidopyrene in energized and deenergized E. coli K-12 cells.
These studies should lead to an understanding of the relationship between envelope structure and the energy state of cells.
